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Introduction
So far, a collection of solid malignancies is marked by EGFR overexpression including breast [1] , prostate [2] , kidney [3] , bladder [4] , ovary [5] , colon [6] , brain [7] , lung [8] , head and neck [9] and pancreatic cancers [10] . EGFR has been selected as a crucial target for anticancer therapy. Traditional EGFR-targeted drugs include monoclonal antibodies (mAbs) and small-molecule tyrosine kinase inhibitors (TKIs). However, recent reports showed that almost all patients with metastatic lung cancer and other tumor types that initially benefit from EGFR-targeted therapies eventually develop resistance [11] . The mechanisms of tumor tolerance to EGFR inhibitors involve the cross-talk between different oncogenic signal pathways and the "loss of function" mutation of EGFR [12, 13] . EGFR-activating mutations that target the kinase catalytic domain abrogate autoinhibition and result in significant increase in kinase activity [14] . In either "increased activity" or "loss of function" case, the role of EGF interacting with EGFR during the oncogenic signaling transduction is weakened and even abolished. Thus, the elucidated molecular mechanism of primary and acquired resistance to EGFR-targeted therapy will contribute to develop novel anti-EGFR agents.
In recent decades, the use of bacteria-derived components to develop anti-tumor agents has made significant advance in tumor immunotherapy. To achieve successful tumor immunotherapy, breaking immune tolerance and eliciting a strong immune response to tumor antigens are critical since most tumor-associated antigens (TAAs) are low immunogenic [15] . Previous studies suggested that bacteria-derived molecules could be used to surmount immune unresponsiveness to TAAs. In fact, the application of bacteria or bacteria-derived components as non-specific immunostimulatory agents in anti-tumor therapy, can be traced back 100 years ago when Coley' toxins were created to cure a malignant tumor [16] .
In the present study, we first created a recombinant gene encoding an immunogenic target-peptide by fusing human EGF with three immunodominant epitopes derived from listeriolysin O (LLO) secreted by Listeria monocytogenes (Lm). Three immunodominant epitopes were designed on the N-terminal and EGF on the C-terminal. This recombinant protein can be used in tumor immunotherapy by mimicking native antigens on the tumor cell surface through its "EGF tail" coupled to EGFR, on the premise that for these tumors, EGF-EGFR coupling cannot accelerate oncogenic signal transduction and promote cancer cell proliferation. Lm is a facultative intracellular microorganism that can enter and multiply in a wide variety of eukaryotic cells. LLO plays a critical part in mediating Lm phagosomal escape and facilitating multiplication during bacterial infection [17] . LLO contains abundant CD4 + and CD8 + T cells epitopes and three immunodominant epitopes have been determined: a dominant CD8 + T cell epitope, LLO 91-99 (residues 91-99) [18] , and two typical CD4 + T cell epitopes, LLO 189-201 (residues 189-201) [19] , and LLO 215-226 [20] . T lymphocytes with T cell receptor (TCR) recognizing these peptides are easily amplified from the T cell pool. In this study, we designed and generated the recombinant protein pLLO-hEGF by linking these immunodominant epitopes with EGF, and preliminarily investigated its potency in tumor immunotherapy.
Materials and Methods

Strains and reagents
Escherichia coli BL21 (DE3) strain, UPMC 17 in WFCC Global Catalogue of Microorganisms and its genotype of F -ompT gal dcm lon hsdSB(rB -mB -) λ(DE3 [lacl lacUV5-T7 gene 1 ind1 sam7 nin5]), was purchased from TransGen Biotech (Beijing, China). The expression vector pET-30a(+) was purchased from Novagen (Germany). Primers and recombinant gene A-336 (pLLO-hEGF) were synthesized by Invitrogen (Germany). Restriction enzymes BamH I and Xho I were purchased from New England Biolabs (USA). Other reagents were obtained from standard commercial sources and were of analytical reagent grade.
Mice, cancer cell lines, and human peripheral blood mononuclear cell (PBMC)
Male BALB/c nu/nu mice (License Number: SCXK 2009-0017) of 6~8 weeks of age were purchased from National Institutes for Food and Drug Control (Beijing, China), and all mice were kept under specific pathogen-free conditions. All experimental procedures involving animals were approved by the Institutional Animal Care and Use Committee (IACUC) of Institute of Basic Medical Sciences (Beijing, China). All human cancer cell lines used in this study were from Cell Resource Center, Institute of Basic Medical Sciences, Chinese Academy of Medical Sciences and Peking Union Medical College (Beijing, China) and have been authenticated by Short Tandem Repeat (STR) profiling (http://www.cellresource.cn). Cells were cultured as described in the product protocols. HCT116 and HT-29 human colorectal carcinoma cells were separately maintained in IMDM medium and IMDM/F-12(1:1) medium containing 5% fetal bovine serum (FBS) (Gibco-BRL, USA). A549 and NCI-H157 human non-small-cell lung cancer cells were cultured in McCoy' 5A medium and RPMI 1640 medium supplemented with 10% FBS, respectively. SK-BR-3 and MDA-MB-231 human breast cancer cells were separately cultured in RPMI 1640 medium and Leibovitz's L-15 medium including 10% FBS. Fresh blood collected from different healthy volunteers was supplied by Beijing Red Cross Blood Center and approved by Medical Ethics Committee of Peking Union Medical College, and the isolation of human peripheral blood mononuclear cells (PBMCs) was performed according to density gradient centrifugation by LSM ® Lymphocyte Separation Medium (50494, MP Biomedicals, USA). Briefly, 3 ml of LSM was aseptically transferred into a 15 ml centrifuge tube and thoroughly mixed by gently inverting the tube. Next, 2 ml of the anti-coagulated blood was diluted with an equal volume of physiological saline and carefully layered over 3 ml of LSM to create a sharp blood-LSM interface. After centrifugation at room temperature with a speed of 400 g for 30 min, buffy coat was collected, and washed twice with PBS. Finally, human PBMCs were resuspended in RPMI 1640 medium supplemented with 2 mM L-glutamine, 100 U/ml penicillin G sodium, 100 µg/ml streptomycin sulphate and 200U/ml rhIL-2 (PeproTech Inc., USA). All cells were cultured in a humidified incubator with 5% CO 2 at 37°C.
Design and molecular cloning of pLLO-hEGF
The recombinant gene was composed of coding sequences of three immunodominant epitopes, LLO [91] [92] [93] [94] [95] [96] [97] [98] [99] , LLO [189] [190] [191] [192] [193] [194] [195] [196] [197] [198] [199] [200] [201] and LLO 215-226 , the linker "GSGGSG", and human EGF, in the following order: LLO 91-99 -linker -LLO 189-201 -linker -LLO 215-226 -linker -human EGF. Since the N-end composition of LLO is important in the ubiquitin-proteasome degradation pathway so that the CD8 + T cell epitope LLO 91-99 can be processed and presented by MHC class I molecules [17, 21, 22] , six additional amino acids flanking LLO 91-99 were reserved, with "RK" on the left and "VVEK" on the right, as charged or polar residues. Therefore, the primary structure of fusion peptide (111 amino acids) is as follows: N-end -RK -GYKDGNEYI -VVEK -GSGGSG -WNEKYAQAYPNVS -GSGGSG -SQLIAKFGTAFK -GSGGSG -NSDSECPLSHDGYCLHDGVCMYIEALDKYACNCVVGYIG ERCQYRDLKWWELR-C-end. The corresponding DNA sequence was synthesized artificially as gene A-336 (pLLO-hEGF) and amplified by PCR using specific primers (forward 5′ -GCG GAT CCA GAA AAG GTT AC -3′ with an in-frame BamH I restriction site, and reverse 5′ -GCT CGA GTT AGC GCA GTT C -3′ with an in-frame Xho I restriction site). PCRs were performed as follows: initial denaturation at 94°C for 5 min followed by 35 cycles at 94°C/30 s, 46°C/30 s, and 72°C/45 s; and final extension was at 72°C/7 min. The amplified DNA products were cloned into the pET-30a(+) expression vectors.
Expression and purification of pLLO-hEGF
The recombinant plasmid pET-30a(+)-pLLO-hEGF was transformed into E. coli BL21 (DE3) and confirmed by DNA sequencing. The expression of recombinant pLLO-hEGF was induced by isopropyl-beta-D-thiogalactoside (IPTG) when the absorbance at 600 nm (A 600 ) of E. coli grown in LB-medium containing kanamycin reached 0.6. Two forms of pLLO-hEGF were expressed as a (His) 6 -tagged protein existing under different inducing conditions: one was inclusion bodies induced by 1.0 mM IPTG at 37°C for 4 h; and the other was soluble protein induced by 0.5 mM IPTG at 23°C for 8-10 h with the maximum of soluble expression. After low-temperature induction, the pellets were harvested, resuspended and ultrasonicated. Supernatants were acquired by centrifugation (12,000×g, 4°C, 40 min). Soluble pLLO-hEGF was purified from supernatants and the (His) 6 -tag was removed using thrombin-cleaving under native conditions by Co 
EGFR expression in human cancer cell lines
Expression levels of EGFR in 21 human cancer cell lines were detected by western blot analysis. Human cancer cell lines in this study included human breast cancer cell lines (MDA-MB-231, MDA-MB-453, MCF7, SK-BR-3), human lung cancer cell lines (NCI-H460, NCI-H661, NCI-H1703, NCI-H2170, NCI-H1650, NCI-H157, A549), and human colorectal cancer cell lines (HCT116, HT-29, HCT-8, SW620, LoVo, COLO201, Caco-2, COLO205, COLO320DM, SW480). Total proteins of cultured cancer cells were extracted using protein lysis buffer supplemented with phenylmethylsulfonyl fluoride (PMSF) and protease inhibitors (Amresco, USA). Protein samples were separated by 12% SDS-PAGE and transferred onto nitrocellulose (NC) membranes (Pall Gelman Laboratory, England). After blocking with 5% non-fat milk at room temperature for 2 h, followed by three washes with TBST solution (0.01 M Tris-buffered saline containing 0.05% Tween 20, pH 7.4), NC membranes were incubated with primary antibodies overnight at 4°C, including anti-EGFR rabbit mAb (Cell Signaling Technology, USA), and anti-GAPDH mouse mAb (Santa Cruz, USA) and anti-β-Tubulin rabbit PcAb (Beijing Cowin Biotech, China) as internal controls. HRP-conjugated goat anti-rabbit or anti-mouse IgG (Zhongshan Golden-bridge Biotechnology, China) reacted with primary antibodies at room temperature for 2 h. After three washes with TBST, immunoreactive bands were visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher Scientific, USA).
Cell proliferation assay
Six cell lines with high EGFR expression were analyzed: HCT116, HT-29, A549, NCI-H157, MDA-MB-231 and SK-BR-3. The effects of pLLO-hEGF on proliferation of these cancer cells were detected by the MTT method [23] . In brief, according to different growth rates cancer cells were seeded into 96-well plates (Corning Inc, USA) at different densities (HCT116, 1,000 cells/well; HT-29, 2,000 cells/well; A549, 1,000 cells/well; NCI-H157, 2,000 cells/well; SK-BR-3, 2,500 cells/well; MDA-MB-231, 3,000 cells/well) in a final volume of 100 µL medium. In vivo, EGF concentrations in serum can be between (0.1-2) × 10 -9 M, with local tissue concentrations as high as ~2 × 10 -8 M [24, 25] . Therefore, concentration gradients of pLLO-hEGF from low to high were set as follows: 10 -10 M; 10 -9 M; 10 -8 M; 10 -7 M, EGF was used as parallel controls and PBS as blank controls. After 24 h, pLLO-hEGF (6 repeated wells) and EGF (6 repeated wells) were added. Then, at 48, 72, 96 and 120 h, MTT (Sigma, USA) was added to each well at a final concentration of 0.5 mg/ml, followed by culture at 37°C for 4 h. Finally, the supernatant of each well was removed by a vacuum pump and 100 µl DMSO was added to dissolve blue formazan crystals. The absorbance of each well at 570 nm (A 570 ) was detected on a Synergy TM 4 reader (BioTek Instruments, Inc.).
Cell immunofluorescent staining
Immunocytochemistry assay was used to analyze if pLLO-hEGF could bind to EGFR-expressing cancer cells. EGF and anti-EGFR mAb (Cell Signaling Technology, USA) were parallel controls and PBS was used as the blank control. Cancer cells (HCT116, HT-29, A549, NCI-H157, MDA-MB-231 and SK-BR-3) were cultured on cover slides and fixed using 4% paraformaldehyde (PFA) according to an improved method as previously described [26] . After the slides were washed twice in 3 ml PBS for 5 min each at room temperature, the anti-EGFR mAb group was directly incubated with anti-EGFR rabbit mAb (the primary antibody) overnight at 4°C, while EGF and pLLO-hEGF groups were incubated with EGF and pLLO-hEGF, respectively, for 8 h at 4°C, followed by anti-EGF mouse mAb (Beijing Hapten and Protein Biomedical Institute, China) (the primary antibody) overnight at 4°C. The PBS group was incubated with PBS. Slides were then rinsed and incubated with FITC-labeled goat anti-rabbit or anti-mouse IgG (Zhongshan Golden-bridge Biotechnology, China) (the secondary antibody) at room temperature for 50 min. After three washes, the slides were counterstained by mounting medium with DAPI (Sigma, USA) and micrographs were captured with Olympus IX51 (20×10 amplification). RPMI 1640 medium (200U/ml rhIL-2 added to keep T cell survival, but not proliferation), and seeded into 24-well plates at a density of 2 × 10 6 cells/well in a final volume of 1.0 ml. PBMCs from the same person were divided into three groups based on different stimuli: PBS (negative control), pLLO-hEGF (10 μg/ml) and Con A (5 μg/ml, positive control) (Sigma, USA). The concentration of pLLO-hEGF was not very high, but to maintain its effect, pLLO-hEGF was supplemented when lymphocytes received fresh medium. On day 3, 7 and 14, lymphocytes of each group were separately harvested and the absolute number of cells was calculated by Scepter TM 2.0 Handheld Automatic Cell Counter (Millipore Corporation, USA). Then, 1.0 × 10 5 cells from each group of each person were subjected to phenotype analysis by surface staining using CD3-FITC, CD4-APC and CD8-PerCP mAbs (BD Pharmingen™, USA) according to the manufacturer's instructions.
Human PBMC proliferative response to pLLO-hEGF
The labeled lymphocytes were examined on a flow cytometer (Accuri™ C6, BD Biosciences) and data were analyzed on BD Accuri C6 software. The absolute number of each type of T cell was calculated through cell total number and cell percentage. This assay was repeated three times based on different lymphocyte sources provided by different people.
Cytotoxicity assay in vitro
MTT-based cytotoxicity assays were performed using HCT116, HT-29, A549, NCI-H157, and SK-BR-3 cancer cells according to a modified method previously described [27] . To verify that lymphocytes stimulated by pLLO-hEGF could kill EGFR-expressing cancer cells with pLLO-hEGF helping in tumor cells recognition, the assay was slightly changed as follows: first, cancer cells were seeded into 96-well plates for 3 h, and pLLO-hEGF was added to bind to cancer cells via the "EGF tail"; the cells were washed using PBS to remove extra pLLO-hEGF in medium, and the stimulated lymphocytes (14 days) were added into 96-well plates in a 50:1 ratio of effector:target (E:T). Lymphocytes stimulated with PBS and Con A were treated the same. After 12 h, MTT (Sigma, USA) was added and cells were incubated at 37°C for 4 h. Supernatants were carefully removed after centrifugation at a speed of 2,000 rpm for 10 min, and 100 µL DMSO was added to dissolve formazan crystals. The absorbance of each well at 570 nm (A 570 ) was detected by an automated microplate reader (Bio-Rad, USA), and the specific killing rates were expressed as [1 -(A 570 (experimental group) -A 570 (lymphocyte group) ) / A 570 (cancer cell group) ] × 100%. This assay was based on the assumption that lymphocytes recognizing pLLO-hEGF would recognize cancer cells with pLLO-hEGF binding, and show cytotoxicity. Three replications were performed.
Anti-tumor activity of lymphocytes stimulated by pLLO-hEGF in vivo
A BALB/c-nude mouse model of human colorectal cancer (cell line HCT116) was established to evaluate the efficacy of lymphocytes stimulated by pLLO-hEGF to inhibit tumor growth. This protocol was previously established in several nude mice models. The nude mice were randomly divided into five groups as follows: Group A, treated with PBS as negative control; Group B, treated early with lymphocytes primed by pLLO-hEGF, and pLLO-hEGF; Group C, treated early with lymphocytes stimulated by PBS; Group D, treated late with lymphocytes primed by pLLO-hEGF, and pLLO-hEGF; Group E, treated late with lymphocytes stimulated by PBS. HCT116 cells were harvested during exponential growth and resuspended with PBS. On day 1, each mouse was subcutaneously injected with 2 × 10 6 HCT116 cells in the left flank of nude mice. On day 2, each mouse of Group B was injected with 2 × 10 6 lymphocytes primed by pLLO-hEGF and 2.0 mg/kg pLLO-hEGF in peritumoral areas. Group C was injected with 2 × 10 6 lymphocytes stimulated by PBS. Group A was injected with 100 µL PBS. On day 8, Group D and Group E were treated identically with Group B and Group C, respectively. At an interval of 7 days, the above groups received the same treatment. Except for Group A, every group was infused with lymphocytes three times. Tumor size was measured twice per week using a vernier caliper, and tumor volume (cm 3 ) was calculated using the formula: length × width × width/2. Body weight was recorded twice a week. Mice were sacrificed when tumor diameter reached 1.0 cm, and the blood of each group was collected. PBMCs were isolated from blood for detecting the existence of human lymphocytes using anti-human CD3-FITC mAb by flow cytometry. Tumor masses were aseptically removed and weighed, and parts were fixed into 10% buffered-formalin and paraffin-embedded for hematoxylin and eosin (HE) staining and immunohistochemistry analysis.
Immunohistochemistry
The procedure was performed using previously described methods [28] . Briefly, sections were deparaffinized with xylene and rehydrated in a series of decreasing concentrations of ethanol solutions. After heat-induced antigen retrieval and blocking endogenous peroxidase, the slides of tissue were incubated
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with mouse anti-human CD3 mAb (Zhongshan Golden-bridge Biotechnology, China) at room temperature for 2 h. Then, after washing with PBS twice, the slides were incubated with HRP-labeled goat anti-mouse IgG secondary antibody at room temperature for 2 h. Finally, a DAB Detection Kit was used to chromogenic reaction for visualization.
Statistical analysis
The data are represented as the mean ± SEM. Statistical analyses were performed by one-way analysis of variance (ANOVA) with modified Bonferroni post hoc test. P < 0.05 was considered a significant difference. For figures, ( * ) denotes P < 0.05. The software SPSS version 16.0 was used to data processing.
GenBank accession numbers
The accession number of recombinant protein pLLO-hEGF is KM888321, the accession number of listeriolysin O (LLO) is DQ054588.1, and Homo sapiens EGF is NM_001963.4.
Results
Cloning, expression, purification and identification of pLLO-hEGF
Gene A-336, named pLLO-hEGF and artificially designed, was successfully cloned into the pET-30a(+) expression vector and expressed as a (His) 6 -tagged protein in E. coli BL21 (DE3) after induction by IPTG (Fig. 1A) . When induced by 1.0 mM IPTG at 37°C for 4 h, pLLO-hEGF was overexpressed in the form of inclusion bodies and showed a single band in 12% SDS-PAGE with an expected molecular mass of 16 kDa (Fig. 1B) . Soluble pLLO-hEGF was acquired by induction at 23°C with 0.5 mM IPTG for 8-10 h, and purified by Co 2+ -based affinity chromatography and thrombin-cleavage of 6×His tag under native conditions using non-denaturation reagent (1X Equilibration/Wash buffer (pH 7.0), 50 mM sodium phosphate, 300 mM NaCl) (Fig. 1C) . Recombinant protein pLLO-hEGF was verified by western blot analysis using anti-(His) 6 and anti-EGF mAbs. When the 6×His tag was not removed by thrombin-cleavage, pLLO-hEGF could be successfully identified by anti-(His) 6 mAb and while the 6×His tag was removed, pLLO-hEGF could still be identified by anti-EGF mAb (Fig. 1D) .
The expression of EGFR in human cancer cell lines
The expression of EGFR in different cancer cell lines was studied by western blot analysis (Fig. 2) . Among human breast cancer cell lines, MDA-MB-231 and SK-BR-3 showed a high level of EGFR expression, MCF7 expressed small levels and MDA-MB-453 did not show any expression, while GAPDH was used as an internal control ( Fig. 2A) . Among human lung cancer cell lines, only NCI-H2170 did not express EGFR (Fig. 2B ). In addition, except for SW620 and COLO320DM, all human colorectal cancer cells expressed EGFR (Fig. 2C) . Previous studies showed that EGFR is expressed or highly expressed in a range of solid tumors including breast, head and neck, non-small cell lung, colorectal and prostate cancer [29] . To analyze the function of pLLO-hEGF in anti-tumor therapy, six cancer cells were selected: HCT116, HT-29, A549, NCI-H157, MDA-MB-231 and SK-BR-3.
The effect of pLLO-hEGF on cancer cell proliferation
In most cases, EGFR mutations are involved in the development of tumor resistance against traditional EGFR-targeted drugs, and can lead to proliferation signaling of cancer cells independent of EGF binding [13, 14] . The precondition of pLLO-hEGF applied in antitumor therapy is that it cannot accelerate cancer cell proliferation due to its "EGF tail". Therefore, the growth curve of different cancer cells under different concentrations of pLLOhEGF from low to high was examined (Fig. 3A) . For closer investigation, the effects of EGF on cancer cells under the same concentrations with pLLO-hEGF were also monitored (Fig. 3B) . The results showed that under different concentrations of pLLO-hEGF or EGF, cancer cells showed nearly the same growth curves (no significant difference, P > 0.05) and the effects resembled those with PBS alone (Fig. 3) . (Fig. 5B) . Conversely, Con A group showed a significant increase of CD3 + CD8 + T cells (Fig. 5B) . Previous studies showed that Con A can activate human PBMCs and promote CTL (CD8 + T cell) differentiation and development [30, 31] .
MTT-based cytotoxicity assay results revealed that under the 50:1 E:T ratio, compared to PBS, cancer cells could be killed efficaciously by lymphocytes primed by pLLO-hEGF in the present of pLLO-hEGF (P < 0.05) (Fig. 5C ). The lymphocytes stimulated by Con A also showed enhanced killing effects compared with PBS (P < 0.05) (Fig. 5C) (Fig. 5C) . larger than Group A, while Group C and Group E had relatively smaller necrotic areas. In addition, masses of cancer cells turned into lytic necrosis in Group B and Group D, and surrounded by accumulated lymphocytes (Fig. 6D) . Immunohistochemistry assay proved that the majority of infiltrated lymphocytes around necrotic areas were injected human lymphocytes (Fig. 6D) . Flow cytometric analysis further confirmed that there were human CD3 + T cells in the blood circulation of mice (Fig. 6D) . These results suggest that lymphocytes primed by pLLO-hEGF, together with pLLO-hEGF, can lead to significant tumor suppression in mice and reduce the growth rate of tumor xenografts.
Discussion
The overexpression of EGFR in the majority of cancer cells makes it a well-characterized drug target. At present, mAbs and TKIs are major EGFR-targeted drugs in clinical use for different tumor types. However, most patients do not respond to TKIs or mAbs, and those who do will eventually acquire resistance that typically results from a secondary EGFR mutation [32] . Moreover, there is evidence that EGFR contributes to cancer progression independent of its kinase activity [33] . This suggests that under drug stresses, cancer cells evolve to lose the restriction of EGF-EGFR coupling. Thus, it is necessary to develop new mechanism-based inhibitors or adopt combined therapy measures to prevent or overcome therapeutic resistance in tumors.
The field of cancer immunotherapy has made remarkable progress in the past few years due to improved understanding of the underlying principles of tumor biology and immunology [34] . Currently, cancer immunotherapy faces certain challenges, including weak immunogenicity of tumor cells and immunosuppressive mechanisms, which limit its efficacy. The use of bacteria or bacteria-derived molecules (such as lipid A) has enabled great progress in therapeutic anticancer vaccine development, which is a useful approach to break tumor immune tolerance [35, 36] . Bacteria-derived proteins are usually strongly immunogenic and always rich in antigen epitopes to induce immune response, such as LLO [19] . In our study, we reported the first design and expression of the recombinant protein pLLO-hEGF, which is composed of three immunodominant epitopes (peptides) from LLO and human EGF. Given that EGF-EGFR coupling could lose the function of signaling transduction, EGF can be used as a natural target vector for EGFR-targeted therapy. Thus, pLLO-hEGF could serve as a target immunogenic molecule for actively increasing tumor immunogenicity in anti-tumor therapy. One study showed that peptide intra-tumor injection is an effective method to increase tumor cell antigenicity, making tumor cells more antigenic for specific cytotoxic T-lymphocyte attack [37] . Different from peptides that require intra-tumor injection for administration, pLLO-hEGF could target high-level EGFR-expressing cancer cells via its "EGF tail". Peptide-based therapeutics is relatively easily and cheaply synthesized using recombinant or chemical synthesis techniques. Papo's group designed a new hybrid peptide (D-K6L9) that showed obvious cytotoxicity against TKI-resistant cancer cells [38] . In this study, we generated recombinant protein pLLO-hEGF and through induction condition exploration amounts of soluble form of pLLO-hEGF were acquired successfully. By cell immunofluorescent staining assay, we found that pLLO-hEGF retained the capacity of EGF binding and could bind to EGFR-expressing cancer cells successfully. We then selected representative cancer cell lines (breast, lung and colorectal cancers) to detect if pLLO-hEGF could accelerate cell proliferation. Regardless of the concentration (from low to high) of pLLO-hEGF, the growth curves of cancer cells were not changed. This phenomenon could be favorable for pLLO-hEGF application in anti-tumor therapy. Compared with PBS or Con A, we confirmed that pLLO-hEGF could stimulate CD3 + CD4 + T cell proliferation that was very important to activate antigen-specific immune response. One possible question is why this effect was observed when the concentration of pLLO-hEGF was low. However, one early study has proven that antigen-presenting cells (APCs) pulsed with antigen in the presence of PDGF or EGF are able to stimulate antigen-specific T-cell proliferation to a greater extent [39] . Both growth factors increase the expression of MHC class II antigens on APCs [39] . We initially aimed to use EGF as the vector for supporting immunodominant epitopes to bind the tumor cell surface for enhancing immunogenicity, and now it seems like that the "EGF tail" may facilitate activating the antigen-specific immune response. We also demonstrated that cancer cells could be effectively killed by lymphocytes activated by pLLO-hEGF when they bound to pLLO-hEGF in vitro. Finally, using a transplanted tumor model, we found that lymphocytes activated by pLLO-hEGF together with pLLO-hEGF, when infused into tumor-burdened mice, could significantly suppress tumor growth. More importantly, there was no evident bio-toxic reaction when pLLO-hEGF was injected into mice. Moreover, the injected pLLO-hEGF as antigens also contributed the survival of antigen-specific human lymphocytes in nude mice, which was confirmed by immunohistochemistry and flow cytometric analysis.
In our study, we preliminarily analyzed the function of lymphocytes activated by pLLOhEGF to kill cancer cells in vitro and in vivo. However, the application of pLLO-hEGF in antitumor therapy may have greater potential. For instance, pLLO-hEGF can be used to prepare inactivated tumor cell vaccines. In the future, personalized cancer medicine based on molecular profiling of tumors will be the basis of treatment strategies. Clear understanding of intra-and inter-EGFR signaling pathway connections is essential and proper selection of patients for targeted agents is mandatory. Similar to pLLO-hEGF, the targeted therapy is specifically directed at patients with EGF-EGFR function loss. This study can provide a new direction for future EGFR-targeted drug development.
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